Genomic recombination requires cutting, processing, and rejoining of DNA by endonucleases, polymerases, and ligases, among other factors. We have proposed that DNA recombination mechanisms may contribute to long-term memory (LTM) formation in the brain. Our previous studies with the nucleoside analog 1-␤-D-arabinofuranosylcytosine triphosphate (ara-CTP), a known inhibitor of DNA ligases and polymerases, showed that this agent blocked consolidation of conditioned taste aversion without interfering with short-term memory (STM). However, because polymerases and ligases are also essential for DNA replication, it remained unclear whether the effects of this drug on consolidation were attributable to interference with DNA recombination or neurogenesis. Here we show, using C57BL/6 mice, that ara-CTP specifically blocks consolidation but not STM of context fear conditioning, a task previously shown not to require neurogenesis. The effects of a single systemic dose of cytosine arabinoside (ara-C) on LTM were evident as early as 6 h after training. In addition, although ara-C impaired LTM, it did not impair general locomotor activity nor induce brain neurotoxicity. Importantly, hippocampal, but not insular cortex, infusions of ara-C also blocked consolidation of context fear conditioning. Separate studies revealed that context fear conditioning training significantly induced nonhomologous DNA end joining activity indicative of DNA ligasedependent recombination in hippocampal, but not cortex, protein extracts. Finally, unlike inhibition of protein synthesis, systemic ara-C did not block reconsolidation of context fear conditioning. Our results support the idea that DNA recombination is a process specific to consolidation that is not involved in the postreactivation editing of memories.
Introduction
Memory consolidation requires the regulation of gene expression and function. As with protein synthesis inhibitors (Flexner et al., 1963; Schafe and LeDoux, 2000; Hernández et al., 2002; Scharf et al., 2002; Naghdi et al., 2003; Agnihotri et al., 2004; Quevedo et al., 2004; Santini et al., 2004) , transcription inhibitors block longterm memory (LTM), while not interfering with short-term memory (STM) (Squire and Barondes, 1970; Ohi, 1977; Nguyen et al., 1994; Bailey et al., 1996; Frey et al., 1996; Pedreira et al., 1996; Wustenberg et al., 1998; Igaz et al., 2002; Calixto et al., 2003) . Specific transcription factors (Alberini et al., 1994; Kida et al., 2002; Malkani et al., 2004) have been implicated in LTM. Additionally, modulation of chromatin structure by histone modifications and the regulation of translation may also have a role in consolidation (Korzus, 2003; Si et al., 2003; Levenson et al., 2004; Levenson and Sweatt, 2005) .
We suggested that a mechanism of gene rearrangement, similar to variable/diversity/joining or V(D)J [V(D)J] recombination in the immune system, might also play a part in LTM (Peña de Ortiz and Arshavsky, 2001; Peña de Ortiz et al., 2004) . V(D)J recombination involves the successive cutting, processing, and eventual religation, via DNA ligase IV-dependent nonhomologous DNA end joining (NHEJ), of gene segments encoding the variable portions of antigen receptors (Lieber et al., 2004; Schatz, 2004) . Our previous studies showed that the expression of the gene encoding terminal deoxynucleotidyl transferase (TdT), a template-independent DNA polymerase involved in V(D)J recombination, is upregulated in brain neurons by learning and is required for the beneficial cognitive effects of enriched experiences . Finally, we demonstrated that the nucleoside analog 1-␤-D-arabinofuranosylcytosine triphosphate (ara-CTP) inhibited brain NHEJ and impaired LTM, but not STM, of conditioned taste aversion (CTA) in rats when infused intracereventricularly before learning (Wang et al., 2003) . The amnesic effects of ara-CTP were also observed with its precursor agent, cytosine arabinoside (ara-C; 1-␤-D-arabinofuranosylcytosine).
By acting as an inhibitor of DNA ligases (Lamballe et al., 1988; Zittoun et al., 1989 Zittoun et al., , 1991 and DNA polymerases (Gandhi et al., 1997; Han et al., 2000; Wills et al., 2000) , ara-CTP is able to block the processes of DNA recombination and also of DNA replication. The fact that the effects of ara-CTP on CTA consolidation were observed as early as 4 h after training suggested that its effects were related to blockade of DNA recombination, rather than replication and neurogenesis (Wang et al., 2003) . Here, we questioned whether recombination processes sensitive to ara-CTP are involved in the consolidation of context fear conditioning, a task that is independent of neurogenesis (Shors et al., 2002; Pham et al., 2005) . The data show that ara-C specifically impaired consolidation, without interfering with reconsolidation of context fear memory. We also show that context fear conditioning elicits a rapid and transient activation of hippocampal NHEJ activity. The studies suggest that DNA recombination is one of the initial processes used by the brain for the storage of information and is not part of the molecular mechanisms activated after memory retrieval.
Materials and Methods

Subjects and drug treatments
The procedures were approved by the Institutional Animal Care and Use Committee of the Río Piedras Campus of the University of Puerto Rico in compliance with National Institutes of Health (NIH) guidelines for the care and use of laboratory animals (Department of Health and Human Services-NIH publication number 86-23). Experiments used male C57BL/6 mice [8 weeks of age (systemic studies) or 12 weeks of age (intracerebral studies)] obtained from Harlan Sprague Dawley (Indianapolis, IN). Food and water were available at all times, and the animals were kept on a 12 h light/dark cycle. The mice received intraperitoneal injections of 1000 mg/kg body weight ara-C (Sigma, St. Louis, MO), 75 mg/kg body weight anisomycin (ANI) (Sigma), or vehicle (PBS). The dose of ara-C was determined in a dose-response study. ANI was dissolved in PBS, and the pH was adjusted to 7.4 with 1N HCl. As in our previous studies (Wang et al., 2003) , the dose of ara-C used in the intracerebral studies was 1 mM.
Context fear conditioning
Apparatus. Our conditioning chamber (30 ϫ 20 ϫ 18 cm) was made of transparent Plexiglas on two sides and stainless steel on the other two sides. Each of the steel sides had a speaker and a 24 V light. The chamber had a 36-bar-insulated shock grid floor made of stainless steel rods (Coulbourn Instruments, Allentown, PA). The system included a whitenoise generator to provide background noise (70 dB). The floor was removable and was cleaned with 75% ethanol after each subject was trained, re-exposed, or tested. Each bar (1.5 cm in diameter) was connected through a harness to a programmable Master Shocker (model 82404SS; Coulbourn Instruments) that delivered scrambled footshocks to each of the bars in the grid floor. A mini camera (Silent Witness Enterprises, Surrey, British Columbia, Canada) installed directly behind one of the two Plexiglas sides of the conditioning chamber was connected via a processor to a computer system for videotaping and scoring of freezing using the Xpress SDK software, which is a PCI bus mastering wavelet video compression/decompression and capture board (Integral Technologies, Indianapolis, IN) .
Consolidation studies. Context conditioning was done essentially as described previously (Bourtchouladze et al., 1994; Kida et al., 2002) . Mice were given injections of ara-C or vehicle 1 h before training, 1 h after training, or both 1 h before training and 1 h before LTM testing. Animals were then taken from their home cages and placed into traveling cages in which they were transported into a dimly lit room and placed individually into the conditioning chamber. The mice were placed inside the conditioning chamber and allowed to explore for 2 min (habituation). Animals then received three consecutive footshocks (0.75 mA, 2 s duration each) that were each separated by a 1 min time period. After an additional 30 s, the animals were returned to their traveling cages and then to their home cages.
Reconsolidation studies. The protocols were based on those described by Kida et al. (2002) . On day 1, mice were subjected to fear conditioning training as above, but without receiving any injections. On day 2, mice were divided into two groups: re-exposure (reconsolidation) and no reexposure. The re-exposure groups received ara-C or vehicle injections intraperitoneally 1 h before a 90 s re-exposure to the conditioning context. Animals in the no re-exposure groups received ara-C or vehicle (intraperitoneally) in their home cages. On day 3, all mice were tested for LTM in the conditioned context as detailed below. For the ANI experiments, both the drug and vehicle were injected 30 min before memory reactivation on day 2.
Testing. Different animals were used to assess memory at each time point. We tested the animals by placing them back into the conditioning chamber for 5 min and measuring their freezing response. Memory was assessed by measuring freezing behavior. An animal was determined to be freezing when it adopted a motionless posture, refraining from all but respiratory movement. Freezing behavior, calculated as the percentage of freezing, was quantified in a blind manner by observing the videotape of mice behavior during the conditioning and memory tests. The images recorded during training and testing were divided in one frame per second. For an animal to be scored as freezing, it had to remain motionless for the entire 1 s observation. Finally, freezing behavior was expressed as a percentage of frames spent freezing.
Analysis of open-field behavior
Apparatus. The activity chamber was made of transparent acrylic material and consisted of an arena of 10 ϫ 10 ϫ 16 inches and a base plate of 21 square inches. It had a sensor ring that sensed in two dimensions (X and Y), and the same ring was used for floor plane and rearing. All three measures can be performed simultaneously. Each link has a microprocessor on board to control scanning, calculate the coordinate sets for each of the rings, and report to the host computer.
Locomotor activity measurements. Locomotor activity was monitored individually over a period of 60 min by a Tru Scan Photobeam Activity System (Coulbourn Instruments). Spontaneous ambulation and rearing behaviors were evaluated by continuous automated counting of photobeam interruptions. All counts were automatically totaled and recorded at 10 min intervals during 60 min. Several behavioral measures were determined, including the total number of movements, the number of vertical and horizontal movements, the number of center entries, and the time spent in the center of the arena, as well as measures relating to stereotypic behavior.
Histology
Cell density analysis. Mice were killed after their last behavioral test. The brains were obtained and frozen on dry ice. Sagittal sections (14 m) were stained with thionin as described by us previously (Peña de Ortiz et al., 2000) . The sections were examined with a light microscope, and photomicrographs were obtained with a digital camera. Estimates of the number of neurons in hippocampal subfields, amygdala nuclei, and cerebellar Purkinje and molecular cell layers were obtained using Image J for stereological counting and determination of cell density (number of cells/area in square millimeters).
TdT-mediated dUTP end labeling. Frozen brains were used to obtain sagittal sections with a thickness of 10 m. TdT-mediated dUTP end labeling (TUNEL) assays were performed using the NeuroTACS II system (R & D Systems, Minneapolis, MN) according to the manufacturer's instructions. Sections were incubated with TdT and biotin-labeled dUTP. Sections used as reaction-positive controls were preincubated with TACS-Nuclease. DNA end-labeling was detected by incubation with streptavidin-conjugated horseradish peroxidase and diaminobenzidene. Counterstaining of cell nuclei was performed with hematoxylin, which generated a blue color, whereas TUNEL-positive nuclei appeared as brown. The sections were examined with a light microscope, and photomicrographs were obtained with a digital camera.
Surgery, cannulations, and intracerebral microinfusions
Mice were handled for several days before undergoing surgery. For surgery, the animals were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and placed in a stereotaxic apparatus, with the nose set to interaural zero. After a scalp incision was made, lambda and bregma were located and the skull was leveled. For the intrahippocampal infusions, bilateral guide cannulas (23 gauge) were implanted 1.0 mm above the target regions. The following coordinates were for CA3: anteroposterior (AP), Ϫ2.0 mm; mediolateral (ML), Ϯ2.2 mm from bregma; dorsoventral (DV), Ϫ1.1 mm from the skull surface. For insular cortex infusions, bilateral guide cannulas (23 gauge) were implanted 1.0 mm above the target regions. The following coordinates were used: AP, 1.3 mm; ML, Ϯ 3.5 mm from bregma; DV, Ϫ1.4 mm from the skull surface. The implanted cannulas were fixed on the skull with small screws and dental cement. A stainless steel wire stylet (33 gauge) was then inserted into the guide cannula to prevent leakage of the CSF, as well as to prevent obstruction of the cannula. After surgery, animals were allowed to rest for 3-5 d before training. To assess the effectiveness of the infusing pump system and to get the animals used to receiving intracerebral infusions, each animal was subjected to bilateral infusions (2 min at 0.25-0.5 l/ min) of 0.9% saline on the day before training. Infusions were done by inserting 33 gauge stainless steel internal injectors into the guide cannulas so that they extended 1.5 mm beyond the tip of the guide cannulas. After infusion, the injectors were removed, the stylets were replaced, and the animals were returned to their cages until the time of training 1 h later.
Brain dissection and protein extraction
C57BL/6 mice (8 weeks of age) were trained in the contextual fear conditioning chamber, as described above, but without receiving any drug or vehicle treatments. Animals were killed immediately, 10 min, 30 min, or 1 h after training. An untrained (naive) group was used as a control. The brains were obtained immediately after the animals were killed, chilled on dry ice, and used to dissect dorsal hippocampi and cortices. Dissected tissue was submerged in 1ϫ PBS. Hippocampus and cortex samples were collected and separated in pools, each containing tissue from three mice per each time point. The experiment was conducted three times, ending with n ϭ 3 pools, each representing nine animals per condition. Pooled tissue was stored at Ϫ80°C until used for protein extraction. Protein extracts were prepared as described by us previously (Ren and Peña de Ortiz, 2002; Wang et al., 2003) . Tissues were homogenized in extraction buffer [30 mM HEPES/KOH, pH 7.9, 0.5 M KCl, 5 mM MgCl 2, 1 mM EDTA, 2 mM dithiothreitol (DTT), 20% glycerol, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1 g/ml each of leupeptin and aprotinin] and incubated for 1 h in ice. The extract was centrifuged at 14,000 rpm for 1 h at 4°C. The supernatant was then dialyzed for 5 h in dialysis buffer (30 mM HEPES/KOH, pH 7.9, 50 mM KCl, 2 mM EDTA, 5 mM MgCl2, 1 mM DTT, 10% glycerol, 1 mM PMSF, and 1 g/ml each of leupeptin and aprotinin). Dialyzed fractions were centrifuged at 14,000 rpm for 30 min at 4°C. Protein extracts were stored at Ϫ80°C until used. The protein concentration of the extract was determined by the Bradford method as detailed by us previously (Ren and Peña de Ortiz, 2002; Wang et al., 2003; Santini et al., 2004) .
Substrate DNA and NHEJ assays
DNA substrates were also prepared as described by Ren and Peña de Ortiz (2002) . To generate double-stranded DNA substrates with free 5Ј and 3Ј cohesive ends, pBluescript plasmid was linearized using the EcoRI restriction enzyme (Promega, Madison, WI). An NHEJ reaction mixture (total volume, 50 l) contained a final concentration of 50 g of protein extract, NHEJ buffer (30 mM HEPES/KOH, pH 7.9, 50 mM KCl, 2 mM EDTA, 5 mM MgCl2, 1 mM DTT, 10% glycerol), 1 mM ATP, 10 g of BSA, and 20 ng of EcoRI-generated double-stranded DNA end substrates. Mixed reactants were incubated at room temperature for 1.25 h. The negative control consisted of heat-inactivating the protein extract at 100°C for 2 h before incubation with DNA substrates. Next, protein-DNA mixtures were heated at 70°C to terminate the reactions, followed by a 30 min incubation in 10% SDS and 5 l of 1.0 mg/ml proteinase K (Stratagene, La Jolla, CA) at 37°C. DNA substrates and recombinant products were purified by phenol/chloroform extraction and ethanol precipitation. DNA from a single reaction was loaded onto a 1% agarose gel and electrophoresed for 85 min in 1ϫ TAE buffer (40 mM Tris-acetate and 2 mm of EDTA, pH 8.5). Separated DNAs in the gels were transferred onto nylon membrane (GeneScreen; PerkinElmer Life Sciences, Wellesley, MA) following standard blotting procedures (Ren and Peña de Ortiz, 2002) . The EcoRI-generated DNA substrate was labeled with (␣-32 P)dCTP by random priming (RediPrime TM II kit; Amersham Biosciences, Piscataway, NJ). Blotted membranes were subjected to Southern hybridization with the labeled DNA probes as described by us previously (Ren and Peña de Ortiz, 2002; Wang et al., 2003) . Humid membranes were wrapped in plastic (Saran Wrap; SC Johnson, Sydney, Australia) to avoid drying and were then exposed to PhosphorImager screens for 24 h. Images were obtained in a PhosphorImager (Molecular Imager FX; Bio-Rad, Hercules, CA) and analyzed using the PhosphorImager Quantity-One Program (Bio-Rad). To normalize the phosphorimaging optical density (OD; counts per square millimeter) data obtained for different membranes exposed at different times, the following formula was used: (measured OD Ϫ minimum OD on membrane)/(maximum OD on membrane ϩ minimum OD on membrane). Next, the generation of recombinant DNA products (dimers) was normalized against the OD measurements obtained for the substrate (monomer) to adjust for possible differences in the amount of substrate DNA used for each reaction. The normalized substrate value was obtained as follows: recombinant dimer OD/monomer OD. Each pool of hippocampal or cortex protein extracts (prepared with tissue from three animals; see above) was subjected to NHEJ assays three times. Averaged data were obtained from the triplicate NHEJ assays.
Statistical analysis
For all experiments, we assumed statistical significance at p Ͻ 0.05. For analysis of acquisition data, differences in mean and SEM between groups with respect to trials and treatment were analyzed using repeatedmeasures two-way ANOVA. For each memory time point, the differences between treatment and vehicle were analyzed using Student's t tests. The data obtained from histological analyses were also subjected to Student's t tests. Finally, the results of our NHEJ assays were analyzed using two-way ANOVA and Bonferroni's post-testing.
Results
Systemic ara-C does not impair acquisition, STM, or general locomotor activity
The experimental design used initially in our studies is depicted in Figure 1 (top). Male C57BL/6 mice were given intraperitoneal injections of ara-C or vehicle 1 h before training. The mice were then subjected to context fear conditioning, a STM test 1 h after training, and a behavioral toxicity test 24 h after training. For context fear conditioning, the mice were placed inside a conditioning chamber [conditioned stimulus (CS)] before receiving three consecutive footshocks (unconditioned stimuli). As seen in Figure 1 (bottom), ara-C had no effects on acquisition of fear conditioning, measured as the progressive enhancement of freezing behavior during a 30 s after-shock period. Repeated-measures two-way ANOVA showed no effect by the treatment (F (1,72) ϭ 0.4402; p Ͼ 0.5), whereas a significant effect was found by the training (F (3,72) ϭ 63.98; ***p Ͻ 0.0001). These results indicate that both groups (n ϭ 12-14 each) were similarly capable of learning the task. Likewise, the STM test revealed no differences in the mean percentage of freezing of the animals from the vehicle (56.96 Ϯ 3.597) or ara-C (54.07 Ϯ 5.182) groups in terms of their ability to recall learned fear to the CS 1 h after training (Student's t test; t (24) ϭ 0.4441; p Ͼ 0.6).
We then used the same set of animals to examine several measures of locomotor activity within an open field at 24 h after training (Fig. 1, top) . We considered it important for clear interpretation of our next consolidation experiments to determine whether ara-C caused decreases in locomotor activity 24 h after training, because this time point would be used by us to examine LTM measured as freezing behavior within the conditioning cage. The obtained data were analyzed using Student's t tests. ara-C-treated mice did not show differences, compared with vehicle-treated controls, in the number of total movements (vehicle, 284.5 Ϯ 5.789 vs ara-C, 282.9 Ϯ 7.050; t (24) ϭ 0.74; p Ͼ 0.4), the number of vertical movements (rearing; vehicle, 194.8 Ϯ 20.50 vs ara-C, 185.4 Ϯ 13.48; t (24) ϭ 0.86; p Ͼ 0.3), the amount of time (seconds) spent in the center of the open arena (vehicle, 246.9 Ϯ 18.53 vs ara-C, 291.7 Ϯ 35.51; t (24) ϭ 0.71; p Ͼ 0.4), or the number of stereotypic movements (vehicle, 230.6 Ϯ 7.29 vs ara-C, 234.8 Ϯ 10.49; t (24) ϭ 1.47; p Ͼ 0.1). The fact that ara-C had no effect on any of the behavioral parameters measured in an open field 24 h after training suggested to us that, at the dose used in our study, ara-C did not cause brain toxicity that could be reflected by altered general behavior in the animals. Specifically, the lack of effects on the time spent in the center and in the number of rearing movements suggests that the drug has no effect on exploratory behavior or the unconditioned fear to open spaces. In addition, because there were no differences in the number of total movements between the groups, we could conclude that ara-C had no effect on general locomotor activity 24 h after training and thus went on to test whether the drug would affect LTM of context fear conditioning as measured by the freezing responses of treated and trained animals.
Systemic ara-C is an effective blocker of both early and late memory consolidation For our next set of experiments, we decided to test the effects of the drug on both the early (tested at 6 h after training) and late (tested at 24 h after training) stages of consolidation of context fear memory. Data from our experiments were analyzed using Student's t tests. The results showed that ara-C-treated animals displayed significantly less freezing responses to the conditioning context than controls at both 6 h (vehicle, 62.05 Ϯ 5.038 vs ara-C, 44.63 Ϯ 3.373; t (24) ϭ 2.87; **p Ͻ 0.01; n ϭ 12) and 24 h (vehicle, 70.85 Ϯ 5.066 vs ara-C, 37.69 Ϯ 5.826; t (24) ϭ 4.30; ***p Ͻ 0.0005; n ϭ 12) after training. Thus, pretraining ara-C systemic injections interfered with LTM tested at 6 h as well as 24 h after conditioning.
The sensitivity of consolidation to ara-C is restricted to the time of conditioning To determine whether ara-C-sensitive consolidation processes are restricted to the time of context fear conditioning, we trained mice in the task and gave them systemic injections of ara-C or vehicle (n ϭ 10 mice per group) 1 h after training. Animals were then tested for LTM at the 24 h post-training time point. The data indicated that, unlike in the pretraining injection experiment, both the ara-C-and vehicle-treated mice displayed similar levels of conditioned freezing to the training context during the LTM test (vehicle, 73.13 Ϯ 5.734 vs ara-C, 68.90 Ϯ 4.325; t (18) ϭ 0.5897; p Ͼ 0.5). Thus, for LTM of context fear conditioning to be established, DNA recombination processes inhibited by ara-C must be active at the time of learning.
The effects of ara-C are not related to state-dependent learning One possible explanation for our findings, which we did not address in our previous studies on CTA (Wang et al., 2003) , is whether the effects of ara-C on LTM are related to the phenomenon of state-dependent learning. State-dependent learning is evident when animals are only capable of retrieving previously acquired information if they are experiencing the same sensory, physiological, and chemical states that were present at the time of learning (Shulz et al., 2000) . To elucidate whether the observed effects of ara-C on LTM were related to state-dependent learning, we used an additional set of mice that received intraperitoneal ara-C injections both 1 h before training and 1 h before LTM testing, which was done 24 h after conditioning. Like the results obtained when ara-C was administered only before conditioning, the results showed that treated animals displayed significantly less freezing responses to the conditioning context than controls at 24 h after training (vehicle, 65.44 Ϯ 5.280 vs ara-C, 33.14 Ϯ 5.559; t (24) ϭ 4.214; ***p Ͻ 0.0005; n ϭ 12). Because LTM was impaired in this experiment, we concluded that state dependency could not explain the amnesic effects of ara-C.
The effects of ara-C are not attributable to neurotoxicity
Together with the fact that acute exposure to ara-C does not affect open-field behavior at 24 h after training (see above), the lack of effect of post-training ara-C injections on conditioned freezing responses measured 24 h after training support the notion that the amnesic effects of the drug are unrelated to cellular toxicity. To further strengthen this conclusion, we performed stereological analysis of thionine-stained cells and examined cellular density (number of cells per square millimeter) within the hippocampus (dentate gyrus, CA3, CA1), amygdala, and cerebellum of the mice tested at 6 and 24 h after training. Representative ) or ara-C (filled bars) (n ϭ 12-14 in each group). Data are presented for the period of habituation to the conditioning chamber and for the three 30 s periods after each footshock. ara-C had no effects on acquisition of context fear conditioning, measured as the progressive enhancement of freezing behavior during a 30 s after-shock period (repeated-measures twoway ANOVA; treatment factor, p Ͼ 0.5; training factor, p Ͻ 0.0001). Error bars indicate SEM. stained dentate gyri from vehicle-and ara-C-treated mice are shown in Figure 2 A (top and bottom, respectively). The results of our cellular density analysis of hippocampal pyramidal and granule cells indicated no significant differences between the groups (vehicle, 733.3 Ϯ 104.4 vs ara-C, 729.7 Ϯ 101.3; t (13) ϭ 0.024; p Ͼ 0.9; n ϭ 7-8). No group differences in cell density were observed within the amygdalar complex (vehicle, 1197 Ϯ 49.97 vs ara-C, 1240 Ϯ 63.43; t (13) ϭ 0.522; p Ͼ 0.6; n ϭ 7-8) or the cerebellum (vehicle, 898.7 Ϯ 208.3 vs ara-C, 944.2 Ϯ 174.7; t (13) ϭ 0.169; p Ͼ 0.9; n ϭ 7-8). In addition, TUNEL assays did not detect apoptotic cells in sagittal mouse brain sections of animals treated with ara-C (Fig. 2 B) or vehicle. The nuclease-treated, TUNEL-positive control is shown in Figure 2C .
Intrahippocampal infusions of ara-C specifically interfere with consolidation of context fear conditioning
Several studies have emphasized the role of the hippocampus (Phillips and LeDoux, 1992; Maren and Fanselow, 1995; Richmond et al., 1999; Yin et al., 2002; Lee and Kesner, 2004) in context fear conditioning. Thus, we decided to determine whether we could replicate the systemic effects of ara-C on LTM, by infusing the drug directly into this brain structure. Animals were subjected to surgical cannulations directed to the CA3 hippocampal subregion. Animals received ara-C [1 mM, as in the study by Wang et al. (2003) ] or vehicle intracerebral infusions 1 h before conditioning. Our results showed that animals receiving CA3 ara-C infusions displayed significantly less freezing responses to the conditioning context than vehicle controls (vehicle, 47.31 Ϯ 6.695 vs ara-C, 26.55 Ϯ 5.312; t (26) ϭ 2.46; *p Ͻ 0.05; n ϭ 13-15). Next, to evaluate the brain regional specificity of the observed effects of ara-C, we examined the effects of the drug infused into the insular cortex on consolidation of context fear conditioning. We chose the insular cortex as a negative control site because evidence exists suggesting that this brain region is not involved in context fear conditioning (Brunzell and Kim, 2001) . Accordingly, unlike the effects of CA3 ara-C infusions, infusion of the drug into the insular cortex had no effect on consolidation of context fear conditioning as measured by percentage of freezing (vehicle, 43.03 Ϯ 8.356 vs ara-C, 47.12 Ϯ 5.869; t (20) ϭ 0.401; p Ͼ 0.6; n ϭ 11). Together, the data from this set of experiments suggest that the role of DNA recombination in LTM of context fear conditioning is specific to brain regions shown to be important in this task.
Context fear conditioning induces hippocampal NHEJ activity
The results presented so far demonstrated that ara-C can inhibit consolidation of contextual fear conditioning. However, it remained unclear whether training in this task induces DNA ligase IV-dependent recombination processes, such as NHEJ. Previous studies demonstrated that the adult rat brain maintains an active NHEJ machinery (Ren and Peña de Ortiz, 2002) . In addition, we showed that ara-CTP is a potent inhibitor of NHEJ (Wang et al., 2003) . Based on these previous findings and those reported here, Figure 2 . Acute systemic exposure to ara-C does not result in brain neurotoxicity. The brains of animals tested at 6 and 24 h after training were obtained and subjected to histopathological 4 analysis focusing in the hippocampus, amygdala, and cerebellum. A, Representative photomicrographs (10ϫ; scale bar, 0.10 mm) obtained from dentate gyrus Nissl staining examination are shown for vehicle-treated (top) and ara-C-treated (bottom) mice. B, No evidence of apoptosis was observed in brain sections, including the dentate gyrus (40ϫ; scale bar, 0.4 mm), of ara-C-treated or of vehicle-treated (not shown) mice. C, Dentate gyrus granule cells (40ϫ) showing TUNEL staining after pretreatment with TACS-nuclease (positive control). The arrow depicts a positively stained nucleus within the granule cell layer of the dentate gyrus.
we set out to determine whether context fear conditioning training induces enhanced NHEJ activity in hippocampal protein extracts. Figure 3A shows representative results of NHEJ assays performed with hippocampal protein samples prepared from mice killed at different times after training, as well as from a control naive group. The results showed that hippocampal protein extracts prepared from mice killed at 10 and 60 min after training generated higher levels of recombinant dimer (rD) and trimer (rT) NHEJ products than protein extracts from naive controls or animals killed immediately after training. Figure 3B shows the results of the OD analysis for the generation of rD NHEJ products by protein extracts [normalized against the DNA substrate (S)] prepared from the dorsal hippocampus and cortex. Two-way ANOVA of the OD data confirmed a significant effect of training (F (4,20) ϭ 6.765; **p Ͻ 0.005) and of brain region (F (1,20) ϭ 47.76; ***p Ͻ 0.0001). Multiple-comparisons analysis indicated significantly higher generation of rD NHEJ products by hippocampal compared with cortex extracts at the 10 and 60 min post-training time points (***p Ͻ 0.001 each). The high hippocampal NHEJ activity levels observed 60 min after training do not contradict the absence of LTM effects when ara-C was injected 1 h after training (Fig. 2C ) because this drug is a precursor that requires cellular conversion into its active form, ara-CTP. Previous studies have shown that the conversion rate of ara-C into ara-CTP is from 60 to 90 min (Jamieson et al., 1990; Hiddemann et al., 1992) . Thus, we can conclude that hippocampal but not cortex NHEJ activity is enhanced shortly after fear conditioning. These results are the first to show that NHEJ is a learning-regulated biochemical process.
Systemic ara-C has no effect on memory reconsolidation of context fear conditioning Our next experiments were designed to assess whether ara-Csensitive DNA recombination processes play a role in memory reconsolidation for context fear conditioning. The experiment design is depicted in Figure 4 . Mice were trained for context fear conditioning on day 1 as before, except that they received no injections. To test the effect of ara-C on memory reconsolidation, a set of animals were injected with ara-C or vehicle (n ϭ 14 -16, each treatment) 1 h before exposing them to the conditioning context for only 90 s on day 2 (re-exposure groups). Other animals received the injections on day 2 but remained in their home cages and were not exposed to the conditioning chamber (no re-exposure groups; n ϭ 13-14, each treatment). Importantly, we found that ara-C had no effect on the reactivation of fear memory, because the treated animals showed the same freezing responses as the controls (vehicle, 58.18 Ϯ 6.863 vs ara-C, 54.44 Ϯ 5.165; t (28) ϭ 0.4422; p Ͼ 0.6). Finally, on day 3, all animals were placed in the conditioning context and were tested for LTM. Surprisingly, we found no difference in fear responses (percentage of freezing) between the vehicle-and ara-C-treated animals that had undergone memory reactivation (vehicle, 51.31 Ϯ 4.950 vs ara-C, 52.66 Ϯ 4.335; test, t (28) ϭ 0.2273; p Ͼ 0.8), or those that remained in their home cages on day 2 (vehicle, 59.38 Ϯ 5.764 vs ara-C, 60.74 Ϯ 2.777; t (17) ϭ 0.2714; p Ͼ 0.8).
It has been suggested that the requirement of gene activation and protein synthesis for reconsolidation is subject to constraints related to the length of exposure to the conditioned stimulus or the conditioning strength among others (Biedenkapp and Rudy, 2004; Suzuki et al., 2004) . To confirm that our behavioral protocol indeed elicited a protein synthesis-dependent reconsolidation process, we repeated the above experiment but used ANI instead of ara-C (Fig. 4) . Mice were trained for context fear conditioning on day 1 without receiving any injections. On day 2, a set of animals were given injections of ANI or vehicle (n ϭ 14 -15, each treatment) 30 min before exposing them to the conditioning context for only 90 s. Other animals received the injections on day 2 but remained in their home cages and were not exposed to the conditioning chamber (no re-exposure groups; n ϭ 13-14, each treatment). Similar to previous studies (Kida et al., 2002) and to the results obtained with ara-C, we found that ANI had no effect on the reactivation of fear memory, because the treated animals Figure 3 . Hippocampal DNA recombination is related to consolidation of context fear conditioning. A, Representative Southern blot showing NHEJ rD and rT products generated by hippocampal protein extracts. S, DNA substrate. Lane 1, Negative control (DNA end-joining results when using heat-denatured protein); lanes 2-5, DNA end-joining products generated by hippocampal protein extracts prepared from mice killed immediately, 10 min, 30 min, or 60 min after training; lane 6, empty, nothing loaded; lane 7, DNA end-joining products generated by hippocampal protein extracts prepared from naive mice. B, Bar graph showing the relative generation of rD NHEJ products by hippocampal (filled bars) and cortical (hatched bars) protein extracts. The hippocampal peaks of NHEJ activity at 10 and 60 min were statistically significant (***p Ͻ 0.0001 each). Error bars indicate SEM.
showed the same freezing responses as the controls (vehicle, 61.18 Ϯ 3.052 vs ANI, 61.68 Ϯ 3.798; t (27) ϭ 0.1431; p Ͼ 0.8). Also similar to previous studies, but different to our results with ara-C, ANI-treated animals displayed significantly less freezing than vehicle controls (vehicle, 56.93 Ϯ 3.437 vs ANI, 30.15 Ϯ 4.170; t (26) ϭ 4.955; ***p Ͻ 0.0001) when tested for LTM on day 3. As expected, we found no effect between ANI-and vehicletreated mice that remained in their home cages on day 2 (vehicle, 63.07 Ϯ 4.957 vs ANI, 67.12 Ϯ 4.136; t (25) ϭ 0.6999, p Ͼ 0.5). These results suggest that, unlike cAMP response elementbinding protein (CREB) inactivation and general protein synthesis inhibition, blockade of DNA recombination processes during memory reactivation does not interfere with reconsolidation of fear conditioning.
Discussion
Our results demonstrate that ara-C impairs consolidation of context conditioning without interfering with reconsolidation nor affecting acquisition, STM, recall, or open-field behavior. ara-CTP, the active metabolite of ara-C, directly inhibits DNA ligase (Lamballe et al., 1988; Zittoun et al., 1989 Zittoun et al., , 1991 and DNA ligasedependent brain NHEJ (Wang et al., 2003) . ara-CTP can also be incorporated into newly synthesized DNA and thereby interrupt replication (Gandhi et al., 1997; Ohno et al., 1998; Abdel-Aziz et al., 2000; Han et al., 2000; Wills et al., 2000) . DNA-incorporated ara-CTP interferes with the religation activity of topoisomerases (Cline and Osheroff, 1999; Pourquier et al., 2000; Chrencik et al., 2003; Gmeiner et al., 2003) or with transcription factor binding (Zhang and Kiechle, 2004) . Importantly, however, ara-CTP does not act as a direct inhibitor of transcription (Wang et al., 2003) .
The amnesic effects of ara-C are associated with inhibition of DNA recombination rather than neurogenesis The effects of protein synthesis inhibition on LTM of context fear conditioning can be seen as early as 3-6 h after training (Bourtchuladze et al., 1994) . Similarly, the amnesic effects of ara-C on the same task can be detected as early as 6 h after conditioning. To block DNA replication, ara-C must first be continually incorporated into DNA for at least 6 h (Hamada et al., 2002) . Thus, the rapid effects of ara-C on LTM are probably not attributable to blockade of DNA replication leading to neurogenesis. Importantly, dentate gyrus granule cells are still immature 48 h after DNA replication and require 4 additional weeks to become integrated into the neuronal circuitry (van Praag et al., 2002; Brandt et al., 2003) . In addition, blocking hippocampal neurogenesis has no effect on consolidation of context conditioning (Shors et al., 2002) . Accordingly, Pham et al. (2005) showed that context conditioning caused a moderate attenuation of neurogenesis in the dentate gyrus. Together, these results suggest that the amnesic effects of ara-C are related to its potential effects on gene expression regulation via blockade of DNA recombination processes and not to blockade of DNA replication and thereby neurogenesis.
The amnesic effects of ara-C are not related to neurotoxicity Prolonged exposure to high doses of ara-C results in the death of postmitotic neurons (Wallace and Johnson, 1989; Martin et al., 1990; Deckwerth and Johnson, 1993; Tomkins et al., 1994; Dessi et al., 1995; Anderson and Tolkovsky, 1999) . ara-C neurotoxicity in cancer patients has been documented within the cerebellum, brainstem, medulla, and spinal cord (Lazarus et al., 1981; Winkelman and Hines, 1983; Sylvester et al., 1987; Vogel and Horoupian, 1993) . The neurotoxicity of ara-C is dose dependent, requires chronic exposure, and appears to be mediated by the DNA damage-activated, p53-dependent apoptosis pathway (Lazarus et al., 1981; Wallace and Johnson, 1989; Martin et al., 1990; Deckwerth and Johnson, 1993; Tomkins et al., 1994; Dessi et al., 1995; Enokido et al., 1996; Park et al., 1998) . Similarly, DNA ligase IV mutations cause massive apoptosis of postmitotic neurons via the p53 pathway (Gao et al., 1998; Frank et al., 2000) . Data from our experiments suggests that the observed effects of acute exposure to ara-C on LTM are not attributable to neurotoxicity. The effects of ara-C on LTM tested at 24 h after training were unrelated to general malaise, motor incoordination, sedation, or anxiety. Additionally, we found no evidence of neuronal loss or apoptosis in the brains of ara-C-treated mice. Similarly, ara-C injected 1 h after training did not affect freezing responses tested at 24 h after training. Finally, localized hippocampal infusion of ara-C had the same effect on LTM than systemic injections, indicating that the effects were related to the specific blockade of memory and not to systemic toxicity.
The specificity of ara-C-sensitive DNA recombination in consolidation As in our previous studies with CTA (Wang et al., 2003) , the data obtained from the post-training injections of ara-C indicates that there is a short time window for the requirement of DNA recombination mechanisms in consolidation of conditioned context fear. Our results with NHEJ assays suggest that DNA recombination activity is enhanced in the hippocampus as early as 10 min after context conditioning. The data also suggest that, similar to protein synthesis (Bourtchouladze et al., 1998) , there might be more than one wave of NHEJ-mediated recombination in the hippocampus during consolidation of context fear conditioning. In addition, our NHEJ data suggest that DNA recombination is restricted initially to the hippocampus and does not involve the cortex, agreeing with the notion that biochemical memory consolidation first occurs within relevant subcortical structures. Accordingly, direct pretraining infusions of ara-C into the CA3 region of the hippocampus, but not into the insular cortex, blocked the consolidation of fear memory tested 24 h after conditioning. These results point to the existence of a functional DNA recombination mechanism in the hippocampus associated with consolidation of context fear conditioning. The fact that factors specifically related to V(D)J recombination, such as RAG-1 (recombination activating gene-1) (Chun et al., 1991) and TdT (Peña de Ortiz et al., 2003) , have been shown to be expressed in Figure 4 . ara-C does not affect memory reconsolidation of context fear conditioning. Schematic diagram depicting the experiment design used in our studies. ara-C, ANI, or vehicle were injected intraperitoneally before memory reactivation on day 2 (open arrow). The effects of ara-C or ANI on memory reconsolidation were assessed on day 3. US, Unconditioned stimulus. this brain region and to be related to learning and memory processes, as is the case of TdT, supports this idea as well.
Consolidated memories can return to a labile state when they are reactivated and can be disrupted by administering ANI immediately after reactivation (Nader et al., 2000a; Taubenfeld et al., 2001; Debiec et al., 2002; Duvarci and Nader, 2004; Gruest et al., 2004) . Thus, some have suggested that memory reactivation destabilizes consolidated information and elicits a cascade of molecular events that lead to reconsolidation or memory restabilization (Nader et al., 2000b) . Importantly, however, there are contradicting studies reporting the absence of a protein synthesis-dependent reconsolidation process after memory reactivation (Cammarota et al., 2004; Hernández and Kelley, 2004) . These contradictory findings could be explained in part by the fact that the requirement of protein synthesis for reconsolidation is subject to constraints related to the length of exposure to the CS or the conditioning strength (Biedenkapp and Rudy, 2004; Suzuki et al., 2004) .
Together, these findings underscore the importance of answering the question of whether memory reconsolidation uses the same biochemical processes used during initial memory storage. The fact that in most studies so far protein synthesis inhibition, as well as inactivation of CREB (Kida et al., 2002) , blocks both consolidation and reconsolidation processes supports this view. However, several studies indicate that there are important differences between the molecular players involved in consolidation versus reconsolidation processes. Taubenfeld et al. (2001) showed that consolidation, but not reconsolidation, of inhibitory avoidance memory requires the expression of the CAAT/enhancer binding protein ␤ in the hippocampus. found opposite roles of brain-derived neurotrophic factor and Zif268 with respect to consolidation and reconsolidation of context fear conditioning. Others have shown that consolidation and reconsolidation of context fear memory differentially activate immediate-early gene expression (von Hertzen and Giese, 2005) . Moreover, studies with CTA support the notion that consolidation and reconsolidation have different molecular and neuroanatomical substrates (Bahar et al., 2004) . As suggested by Alberini (2005) , reconsolidation might be a memory reactivationdependent modulatory system that is part of the consolidation processes but that is not in itself a long-lasting memory storage mechanism. This is, in fact, supported by the findings obtained by Lattal and Abel (2004) , who showed that when ANI injections followed normal retrieval of context fear conditioning, freezing was impaired 24 h but not 21 d later. Our findings support the idea that consolidation and reconsolidation are different memory processes and that gene rearrangement is associated specifically to the early stages of long-term information storage.
Conclusion
We postulate that DNA recombination is important for the regulation of gene expression and function only when new information is acquired and transformed into LTM. Thus, DNA recombination mechanisms could be occurring when neurons are becoming engaged in new information storage. Genomic recombination might be occurring on gene substrates associated with cell recognition or cell-cell communication, such as those encoding for cadherins (Wu and Maniatis, 2000; Hirayama et al., 2001; Yagi, 2003; Yanase et al., 2004) , Ig-like cell adhesion molecules, or T-cell receptors (Syken and Shatz, 2003; Nishiyori et al., 2004) , and neuropeptides (Kondo et al., 1996) . Once target genes are rearranged, the novel mRNAs and proteins may be directed to any specific neuronal compartment where their function is required for memory maintenance and potentially provide for synapse specificity. Thus, somatic gene recombination may generate mRNAs and proteins that may exert neuron-wide effects if they are localized nonspecifically or mRNAs and proteins that act at specific synapses if their localization is targeted in such a manner. Thus, recombinational, transcriptional, and translational mechanisms of gene regulation in memory do not exclude one another but most likely complement each other. By restricting DNA recombination mechanisms to the initial steps of consolidation of new learning experiences, neurons may be able to generate protein diversity as a mechanism of enhancing memory storage capacity, while at the same time preventing increased mutagenic events that could occur if genomic rearrangement was also to proceed as a result of memory recall.
